Variations in the reverse transcriptase domain were analyzed to clarify the family structure of retrotransposons in the wheat genome. Seven families were identified on the basis of the nucleotide sequence similarities of the domain. These families are common to the genomes of ancestral diploid species of wheat, evidence that they were established prior to diploid speciation, and their presence in barley and rice was suggested. Recent activity of some of the families was inferred in wheat on the basis of data that included synonymous and nonsynonymous nucleotide substitution rates in the reverse transcriptase domain.
Introduction
Retrotransposons are ubiquitous in plants (Flavell, Smith, and Kumar 1992; Voytas et al. 1992; Hirochika and Hirochika 1993) . They are abundant in plant genomes and show great intragenomic variation in the reverse transcriptase domain (Flavell, Smith, and Kumar 1992; Voytas et al. 1992; VanderWiel, Voytas, and Wende1 1993) . A number of retrotransposons have been reported in plants, but only a few have been shown to be active (see Grandbastien 1992 for review). Retrotransposons within a genome often are divided into distinct families (Konieczny et al. 1991; Flavell, Smith, and Kumar 1992; Hirochika, Fukuchi, and Kikuchi 1992) .
Common wheat (Triticum aestivum) is a hexaploid crop originated by the addition of the D genome of Ae&lops squarrosa to the cultivated tetraploid wheat (T. dicoccum) that has A and B genomes (Kihara 1924; Kihara 1944; McFadden and Sears 1946) . Occurrence of common wheat dates back to 7000-8000 years ago according to archaeological evidence (see Zohary and Hopf 1994, p. 52) . Recent results suggest that the A and B genomes have been contributed respectively from T. urartu and Aegilops speltoides (Dvorak, McGuire, and Cassidy 1988; Dvorak and Zhang 1990; Takumi et al. 1993) . Taking into account the barley-wheat divergence estimated to be lo-14 MYA (Wolfe et al. 1989) , the divergence of Triticum and Aegilops species is supposed to have occurred some millions of years ago. In wheat and its relatives, the retrotransposon family called WIS-2 has been studied (Harberd, Flavell, and Thompson 1987; Moore et al. 1991; Murphy et al. 1992; Monte, Flavell, and Gustafson 1995) , but the overall structure of the retrotransposon population in wheat genomes has yet to be determined.
We analyzed variations in the reverse transcriptase (hereafter "RT") domain of wheat retrotransposons using PCR-amplified fragments. Fragments from the three ancestral diploids Ae. speltoides, Ae. squarrosa, and T. urartu also were analyzed. We show that wheat retro-0 1996 by the Society for Molecular Biology and Evolution. ISSN: 0737-4038 1384 transposons are classifiable into at least seven distinct families on the basis of nucleotide sequence similarities in the RT domain. We also discuss their original establishment and the recent activity of these retrotransposon families.
Materials and Methods

Plant Materials
Five plant species were used; T. aestivum cv. Chinese Spring (ABD genome), T. dicoccum (AB), T. urartu (A), Ae. speltoides (S), and Ae. squarrosa (D). These materials were supplied from our laboratory stock.
DNA Isolation, Cloning and Sequencing
Total DNA was extracted from the leaves of greenhouse-grown plants by the CTAB method (Murray and Thompson 1980) . PCR was used as described by Hirochika, Fukuchi, and Kikuchi (1992) to amplify approximately 270-bp fragments of the RT domain with the above total DNA as the template. The degenerate primers 5'-CA(A/G)ATGGA(C/T)GT(A/C/G/T)AA(A/G) AC-3' and S-CAT(A/G)TC(A/G)TC(AlC/G/T)AC(A) TA-3' were used, which correspond respectively to the conserved RT peptide motifs of the Ty 1-copia group retrotransposons QMDVKT and YVDDM. The reaction mixture consisted of 0.05-0.1 pg template total DNA, 200 pM each dNTP 10 pmol each primer, 2 pl of 10 X buffer, 1 unit of pfi DNA polymerase (Stratagene) and distilled water to 20 ~1. PCR amplification was done in a Model 480 (Perkin Elmer) device under the following conditions; 95°C for 1 min, 50°C for 2 min, and 72°C for 3 min for a total of 25 cycles. Reactions without template DNA were included as the controls.
PCR products were purified with a QIAquick spin kit (Qiagen) then ligated to the Sma I site of pUCl8. Escherichia coli strain DHScx was transformed with the recombinant plasmids according to Hanahan (1983) . The transformants were identified by the standard method described by Sambrook, Fritsch, and Maniatis (1989, pp. 1.85-1.86) .
Both strands of the cloned fragments were sequenced with a PRISM sequencing kit (Applied Biosystems).
Computer Analysis
The software programs used in the computer analysis were DNASIS (Hitachi Software Engineering Co.) Downloaded from https://academic.oup.com/mbe/article-abstract/13/10/1384/1020362 by guest on 30 January 2019 for the sequence manipulation and the nucleotide sequence similarity calculation; CLUSTAL W, version 1.5 (Thompson, Higgins, and Gibson 1994) for the multiple sequence alignments and neighbor-joining tree construction; Dnadist program in PHYLIP (Felsenstein 1993) for the estimation of nucleotide substitutions;
and MEGA (Kumar, Tamura, and Nei 1993) for the estimation of the number of synonymous substitutions per synonymous site and the number of nonsynonymous substitutions per nonsynonymous site. Sequences corresponding to the PCR primer annealing sites were excluded.
Four-Base Cutter Assay
This analysis was intended to detect restriction site differences within and near the RT domain of the retrotransposons. Approximately 8 p,g of total DNA was digested with a four-base-recognizing restriction endonuclease as specified by the manufacturer (Takara Shuzo). Hae III and Taq I, which respectively have 8 and 19 restriction sites in WIS-2-1A (Harberd, Flavell, and Thompson 1987; Murphy et al. 1992) , were used in the digestions. The digested samples were separated in a 1.5% agarose gel, then transferred to a Hybond N+ membrane (Amasham). Probes were prepared from the RT domain clones by PCR using the Ml3 primers. Probe labeling and hybridization were done with a DIG labeling and detection kit (Boehringer Mannheim). The membranes were washed twice with 2 X SSC plus 0.1% SDS at room temperature for 5 min then twice with 0.1 X SSC plus 0.1% SDS at 68°C for 15 min. The hybridized probes were detected on X-ray film (Fuji Film) by the chemiluminescent reaction with Lumi-phosm530.
Results
Cloning of the RT Domain
Ninety-seven clones of the putative RT domain were obtained; 54 from T. aestivum, 16 from T. urartu, 14 from Ae. speltoides, and 13 from Ae. squarrosa. Two identical sequences obtained from Ae. speltoides were treated as one. The nucleotide sequences reported here have been deposited in the DDBJ/EMBL/GenBank nucleotide sequence databases (accession nos. D90602-D90698). Three RT gene sequences previously obtained from the wheat retrotransposons TACOPIA (Voytas et al. 1992) , TAPOL , and WIS-2-1A (Harberd, Flavell, and Thompson 1987; Murphy et al. 1992 ) were added, in total 100 clones of the domain being analyzed. Of these, 62 carried neither a frame shift nor nonsense mutation (table 1) and are referred to as "intact" clones hereafter. Note that "intact" does not mean that these clones are portions of functional RT genes. Intact clones are denoted by "i" (in parentheses) in figure 1. In contrast, those that carried frame shifts, nonsense mutations, or both are referred to as "defective" clones. The putative RT gene clones had nucleotide sequence similarities to the RT genes of the Ty 1-copia group retrotransposons. Table 2 shows the nucleotide sequence similarities of six representatives of the wheat retrotransposon families (see below) to the homologous region of the Ty 1-copia group RT genes. Notably, clones ABD52 and S7 and clones ABD34 and ABD 54 respectively showed high nucleotide sequence similarities to TOSRT4 from rice (78.6%-8 1.9%) and BARE-l from barley (84.4%-85.2%).
These similarities were much higher than those observed to WIS-2-1A from wheat (35.0%-48.6%).
Classification of Retrotransposons in Wheat and Its Relatives
To show the relationships between the clones of the RT domain, we constructed a neighbor-joining tree (Saitou and Nei 1987) using the aligned sequences ( fig. 1 ). The sequence alignment is available from the authors on request. Seven families are recognizable in the tree (denoted l-7 in fig. 1 ) based on its branching pattern. As discussed later, each can be called a "family," because it appears to represent an independent lineage of retrotransposons that arose from a common ancestor. Family 6, which had only one clone (WIS-2-lA), was treated as a family because it is only distantly related to all the other clones. Putatively, it is identical to the WIS-2 family to which WIS-2-1A belongs (Moore et al. 1991) . The RT peptide motifs of the 51 -copia group retrotransposons (QMDVKT and YVDDM) utilized to design the PCR primers are not conserved in WIS-2-1A (Murphy et al. .1992) , which may have caused the amplification failure of WIS-2 elements in this study. The bootstrap probabilities for families 1 (97.9%), 2 (99.9%), 3 (lOO%), 4 (95.1%), and 5 (99.8%) are statistically significant (P < 0.05), whereas the probability for family 7 (80.7%) is not (Felsenstein 1985) . The gaps between the intra-and interfamily nucleotide substitutions indicated the distinct isolation of these families from each other, evidence for this classification. NOTE.--The family numbers correspond to those given in Figure 2 . Numbers of intact clones (see text) are given in parentheses. Nora.-Numbers of synonymous and nonsynonymous substitutions per site and the standard errors were estimated respectively according to Nei and Gojobori (1986) and Nei and Jin (1989) . Clones from the diploid species (Ae. spelfoides, Ae. squarrosa, and T. urartu) were pooled for the estimation and are given as references.
probe (family 4) and Hae III combination showed a band (about 1.3 kb) specific to the polyploid species ( fig.  34 . When ABD 54 (family 7) was the probe, a condensed ladder hybridization signal appeared in all the species, indicative that the homologues of ABD 54 are abundant in the genomes of these species ( fig. 3e ). Families 2, 3, and 5 had clones derived from only one or two (not all three) of the ancestral diploid relative(s) of wheat (table 1) . Their representatives, however, detected homologues in all of the species ( fig. 3 ).
Nucleotide Substitutions at Synonymous and Nonsynonymous Sites
Synonymous and nonsynonymous nucleotide substitutions in the RT domain of wheat retrotransposons were studied in detail (table 4). The numbers of synonymous and nonsynonymous substitutions per site were estimated for the intact clones according to Nei and Gojobori (1986) . To reduce errors owing to parallel and back mutations, clones from the same families, families 4 and 7, which have many intact clones (table l), were used for this estimation. The numbers of synonymous and nonsynonymous substitutions per site also were estimated for clones from the diploid species. These clones were pooled for the estimation and presented as referents.
Even though several, or even most, of the intact clones may have been derived from nonfunctional RT ing selection (table 4) . In family 4, a high synonymous/ nonsynonymous ratio (7.85), the result of a reduced number of nonsynonymous substitutions, was found for T. aestivum but not in the pooled diploid species. In contrast, in family 7 similar amounts of synonymous and nonsynonymous substitutions were estimated for 7'. aestivum and the pooled diploid species.
Interspecific Differentiation of Wheat Retrotransposons
The interspecific differentiation of wheat retrotransposons was examined by estimating average numbers of intra-and interspecific nucleotide substitutions per site for the family 7 clones (table 5). Similar amounts of intraspecific nucleotide substitutions were estimated for all the species ranging from 0.062 to 0.075 (average 0.069). These amounts were comparable to those of interspecific nucleotide substitutions ranging from 0.064 to 0.074 (average 0.070). Consequently, net interspecific nucleotide substitution numbers were nearly zero or negative, indicative that interspecific differentiation of family 7 retrotransposons, if any, occurred only at low levels.
Discussion
Origin of Wheat Retrotransposon Families
We have shown that wheat retrotransposons can be genes, the synonymous/nonsynonymous ratios are high classified into at least seven distinct families on the basis enough to infer that the domain has been under purifyof variation in the RT domain. This classification is sup- Kimura (1980) ported by there being far fewer intrafamily nucleotide to be explicitly confirmed in rice and many other taxa substitutions than interfamily nucleotide substitutions of the grass family. (table 3 ) and the presence of diagnostic bases (fig. 2) . The discontinuities between these families suggest that Activities of the Wheat Retrotransposon Families each has an independent lineage that arose from a comBecause about 40% of the RT domain clones we mon ancestor. Wheat retrotransposons therefore can be regarded as polyphyletic. obtained were defective (table l), a number of the reThree families (1, 4, and 7) have clones derived trotransposons in wheat and its relatives obviously are from all three putative diploid ancestors of wheat; Ae. not functional and must be evolving as pseudogenes at speltoides, Ae. squarrosa, and T. urartu, whereas the present. The long-term survival of these families, howother four families (2, 3, 5, and 6) have clones from ever, suggests the presence of active retrotransposons only one or two of these ancestors. In the four-base cutcapable of reproducing new functional copies at an apter analysis, representative clones from families 2,3, and propriate rate to compensate for the mutational loss of 5 were used as probes, and they detected homologues old ones. We examined synonymous and nonsynonyin all the species tested ( fig. 3) . Members of the WIS-2 mous substitutions in the RT gene domain of wheat refamily that includes WIS-2-l A, which is putatively trotransposons using the intact clones of families 4 and identical to family 6 in this study, are present in the 7 ( (table 1) . The synonymous/nonsynonymous rahomologues of these families may be found in rice getio for this family in T. aestivum (3.81) is lower than nome. This is interesting, because rice belongs to subthat for family 4 (7.85), indicative that a considerable family Pharoideae and is only distantly related to wheat porhm of the intact RT gene is nonfunctional (table 4) . (Pooideae). One possible interpretation for the finding is Moreover, the ratio for T. aestivum is similar to that for that families 1 and 2 had been formed before the diverthe pooled diploid species (4.00), in contrast with the gence of wheat and rice estimated to be 60 MYA (Wolfe ratio for family 4. It therefore is unlikely that wheat et al. 1989). Families 1 and 2 might be ancient grass includes significantly more family 7 retrotransposons retrotransposon families, although their presence needs that carry functional RT gene than its diploid relatives. In conclusion, the wheat genome includes several distinct retrotransposon families common to the genomes of its ancestral diploid species. Some of them might have been active recently, while the accumulation of defective retrotransposons is obvious in the wheat genome. Plant retrotransposons are activated in response to various stresses that include virus infection, protoplast isolation, and tissue culture (Mottinger, Johns, and Freeling 1984; Grandbastien, Spielmann, and Caboche 1989; Hirochika 1993) . Elements of the WIS-2 family are associated with insertional variations that appear after regeneration from anther culture (Moore et al. 1991) . We, however, speculate that the retrotransposons of family 4 have been more active in the polyploid species than in their diploid ancestors. In this case, interspecific hybridizations followed by polyploidization might have enhanced their activity as McClintock (1984) has suggested.
